Forests provide multiple benefits at local to global scales. These include the global public good of carbon sequestration and local and national level contributions to livelihoods for more than half a billion users. Forest commons are a particularly important class of forests generating these multiple benefits. Institutional arrangements to govern forest commons are believed to substantially influence carbon storage and livelihood contributions, especially when they incorporate local knowledge and decentralized decision making. However, hypothesized relationships between institutional factors and multiple benefits have never been tested on data from multiple countries. By using original data on 80 forest commons in 10 countries across Asia, Africa, and Latin America, we show that larger forest size and greater rule-making autonomy at the local level are associated with high carbon storage and livelihood benefits; differences in ownership of forest commons are associated with trade-offs between livelihood benefits and carbon storage. We argue that local communities restrict their consumption of forest products when they own forest commons, thereby increasing carbon storage. In showing rule-making autonomy and ownership as distinct and important institutional influences on forest outcomes, our results are directly relevant to international climate change mitigation initiatives such as Reduced Emissions from Deforestation and Forest Degradation (REDD) and avoided deforestation. Transfer of ownership over larger forest commons patches to local communities, coupled with payments for improved carbon storage can contribute to climate change mitigation without adversely affecting local livelihoods.
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climate change ͉ mitigation ͉ decentralization ͉ institutions ͉ REDD T ropical forests play a crucial role in global climate change (1) (2) (3) in addition to their widely recognized contributions to rural livelihoods in developing countries (4, 5) . It remains unclear, however, whether forests that contribute more to livelihoods store more carbon or less, or if carbon storage and livelihood contributions of forests are unrelated (6) . Indeed, there have been many calls for a better general understanding of the nature of trade-offs vs. win-win outcomes in the context of the multiple contributions of forests to human welfare (7, 8) . The urgency of the global need to increase carbon storage in forests and local reliance on forests for continuing livelihood benefits through extraction of forest biomass make it especially important that scientists better understand the relationship between carbon storage in forests and their contributions to livelihoods.
This article focuses on forest commons, a particularly important class of forests used jointly by a relatively large number of often heterogeneous users, with defined boundaries for the forest and its user group, and legally enforceable property rights to streams of benefits from the forest (9-10). It is particularly important to understand the complex connections between carbon storage and livelihood contributions of forest commons. Community-owned and managed forests comprise Ͼ10% of forests globally (4) , and the extent of forests used by local communities is close to 18% (10) (11) . Although individual forest commons are relatively small in area-typically Ͻ1,000 hectares-they are crucial to the livelihoods of the rural poor in the developing world: Development agencies have estimated that in the aggregate such forests provide livelihood benefits to more than half a billion poor people (12) (13) . In part because such forests are essential to rural livelihoods, governments in many developing countries have transferred management and use rights to rural users through decentralization policy reforms (14) (15) . Evidence is emerging that such a focus may be instrumental in reconciling multiple outcomes from forests in developing countries (16) (17) (18) .
Existing studies of benefits from forest commons, and from forests more generally, have provided valuable insights into (i) how and under what conditions forests contribute sustainably to human welfare in different ways (19) (20) ; (ii) the role of locallevel property rights arrangements, economic and demographic forces, and national policy regimes in influencing forest conservation (11, (21) (22) ; and (iii) how participation and decentralization of decision making affect specific forest-related outcomes (23) (24) . No one has yet undertaken a quantitative assessment of the trade-offs and synergies related to carbon storage and livelihood benefits using data from multiple countries.
We used data collected by the International Forestry Resources and Institutions (IFRI) research program (25) (26) . The IFRI research program and its database provide the most systematic and best available quantitative information on forest commons in the developing world (27) . By using the IFRI database, we identified 80 forest commons in 10 tropical countries (22 in East Africa, 13 in Latin America, and 45 in South Asia). We excluded from our analysis extremely small forests and cases in temperate regions (Fig. 1, Fig. S1 ). The sample encompasses substantial variation in biophysical features and communities that depend on them for livelihoods. Cases range from very small (Ͻ100 Ha) to very large (Ͼ5,000 Ha) forests, vary greatly in their elevation above sea level and topography, and are characterized by a range of population densities (Fig. S2) .
For each forest in the sample we used basal area of trees per hectare as a measure of above-ground carbon storage. The livelihoods index measures contributions from the forest common to basic subsistence needs of local users-a composite of proportions of firewood, fodder, green biomass used as fertilizer, and timber for domestic use supplied by the forest common (see Materials and Methods and SI Materials and Methods for details). The sample has substantial variation in the 2 outcomes, but there is no association between carbon storage and livelihood benefits from these forests (Spearman's ϭ Ϫ0.017, Prob Ͼ t ϭ 0.8781, n ϭ 80). The lack of association between carbon storage and livelihood benefits shows that both win-win and trade-off outcomes are possible in forest commons (Fig. 1) . Indeed, this lack of association is itself an important finding because it suggests that the divergent assertions in existing studies about trade-offs or synergies in forest outcomes may be an artifact of the particular samples and single-country focus of many studies (16, 18, (28) (29) (30) . Given the observed distribution of carbon storage and livelihood benefits, we suggest that for advancing a theoretical and policy-relevant understanding of trade-offs and synergies it is necessary to examine how the two outcomes are associated with social and institutional factors (Fig. S2, Fig. S3 ). Because both carbon storage and livelihood benefits are influenced by a variety of driving forces, an examination of the direct relationship between the two dimensions of forest commons outcomes is no more than a starting point. It is certainly inadequate to illuminate why in some cases these two outcomes seem to vary together in the same direction (synergies) and in others, have an inverse relationship (trade-offs).
Our analysis of trade-off/synergistic relationships between carbon storage and livelihood benefits focuses on 3 factors of special interest: Size of the forest commons, local autonomy, and ownership. These factors are central concerns in academic and policy debates on the institutional aspects of recent decentralization reforms (4, 10, 14-16, 23-24, 30) . We compare the simultaneous effect of forest size, local autonomy, and government vs. community ownership on the joint outcomes of carbon storage and livelihood benefits. To simplify a complex relationship, we divided the sample into local communities with low vs. high levels of autonomy in making management decisions about the forest commons (Fig. S3 ). In addition, we also include in the analysis distance of users to the forest and distance of forest to the nearest administrative center (See Materials and Methods and SI Materials and Methods for a more detailed explanation of the choice of variables included in and omitted from the analysis).
Results
To examine how forest size, local autonomy in rule making, and community vs. government ownership are associated with tradeoffs or win-win relationships between carbon storage and livelihood contributions, we use a 4-part classification of joint outcomes in sampled forest commons: (a) Those providing above average carbon storage and livelihood benefits, which we term ''sustainable commons,'' (b) those providing below average carbon and livelihood benefits, labeled ''overused commons,'' and (c and d) those providing above average benefits on 1 dimension but below average on the other-''deferred use commons'' (for high carbon storage and low livelihood benefits) and ''unsustainable commons'' (for low carbon storage and high livelihood benefits). We predict membership in one of the four joint outcome categories using forest size, decision making autonomy, and forest land ownership as predictors through multinomial logistic regression analysis (Table 1, Table S1, Table  S2 ). We find that the area of the forest commons and the degree of rule-making autonomy are both positively associated with win-win outcomes-high carbon storage and livelihood benefits and negatively with lose-lose outcomes. On the other hand, ownership of forest commons has a trade-off relationship with carbon storage vs. livelihood benefits.
Specifically, larger forest commons are more likely to be classified as sustainable commons-the group of forests providing above average carbon storage and livelihood benefits (P Ͻ 0.0001, n ϭ 80) (Fig. 2B ) and less likely to be classified as overused commons (low carbon storage and livelihood benefits) (P ϭ 0.013, n ϭ 80) (Fig. 2 A) . Similarly, greater local autonomy in making rules about forest management is associated with a higher probability that the forest will be in the sustainable commons category (P ϭ 0.048, n ϭ 80), and a lower probability it will be classified as overused commons (P ϭ 0.050, n ϭ 80).
Further, the positive effect of local autonomy on the predicted probability of sustainable commons increases with forest size (Fig. 2C) . Forest size and local autonomy do not have a statistically significant relationship with deferred use commons and unsustainable commons (Table 1) . We conclude that increasing forest size and greater local autonomy in matching rules to resource characteristics exist in a win-win relationship with carbon storage and livelihood benefits from forest commons.
In contrast, government ownership of forest commons has a positive association with forests in the unsustainable commons Dependent variable ϭ forest commons outcomes. Number of observations ϭ 80; likelihood ratio 2 (15) ϭ 56.74; Prob. Ͼ 2 ϭ 0.0000; pseudo R 2 ϭ 0.2580. ЉForest sizeЉ ϭ log of forest size (hectares); ЉownershipЉ ϭ ownership of forest commons, community ownership ϭ 0, government ownership ϭ 1; autonomy, local autonomy in making rules, no ϭ 0, yes ϭ 1; distance, distance of local users to the forest commons, Ͻ5 km ϭ 1, 5-10 km ϭ 2, Ͼ10 km ϭ 3; Admin., distance to nearest administrative center (in kilometers). Bold font indicates statistically significant associations (P Ͻ 0.05).
category (high livelihood benefits but low carbon storage) (P Ͻ 0.001, n ϭ 80), and community ownership is associated with a greater probability that a forest will be a deferred use common (high carbon storage but low livelihood benefits) (P ϭ 0.007, n ϭ 80) (Fig. 2D) . This finding may appear counterintuitive. However, closer examination suggests that when local users perceive insecurity in their rights (because the central government owns the forest land), they extract high levels of livelihood benefits from them, and when their tenure rights are safe, they conserve the biomass and carbon in such forests.
Discussion
This article makes two contributions to ongoing conversations about trade-offs and synergies between carbon storage and livelihood benefits associated with social-ecological systems. Many such systems simultaneously generate multiple outcomes-forests, for example, make contributions to carbon storage and livelihoods; irrigation systems affect soil erosion and crop productivity; rangelands store carbon and provide livelihood contributions; and inshore fisheries are characterized by varying levels of productivity and sustainability. A deeper understanding of the performance of these systems requires simultaneous consideration of such multiple outcomes and the factors that drive the joint outcomes. Our analysis operationalizes this conceptual insight through a statistical approach that respects the simultaneity of the outcomes and shows how associations can be established between multiple outcomes and the factors that may be at play in their joint production.
The analysis presented in the article also has practical implications, particularly for securing livelihood and carbon storage benefits from forests used and managed as commons. The past two decades have already witnessed the transfer of use and management rights over Ͼ200 million hectares of forests to local users and communities across Ͼ60 countries (4). It is evident that the decentralization of management authority over public forests to local communities is not only about forest governance-it is equally about development and climate policies. Our findings have three important implications for decentralization reforms. One, if governments wish to improve livelihoods and carbon storage benefits from decentralization of forest governance, they may be able to secure important win-win outcomes by ensuring that the individual patches of forests that communities are beginning to manage are on the larger rather than smaller side. Two, improvements in both livelihood benefits and carbon storage can also potentially be secured if communities gain greater rights locally to make rules about how to govern forests.
The policy implications of the third finding of the studyrelated to the overharvesting of livelihood benefits from forest commons where governments retain ownership of the land-are particularly relevant for ongoing debates about payments for ecosystem services and the implementation of REDD (Reduced Emissions from Deforestation and Forest Degradation) initiatives (17, (31) (32) (33) . Transfer of land ownership of forest commons likely advances carbon storage benefits because local communities have the incentive to defer present livelihood benefits (16) . Such incentives can also be strengthened by providing compensation to local communities in exchange for deferring present livelihood benefits from forest commons (31) (32) . Existing REDD action plans under two major global initiatives-United Nations Framework Convention on Climate Change REDD and Forest Carbon Partnership Facility of the World Bank-do not yet identify communities or forest commons as relevant agents for managing forests to sequester carbon or derive livelihood benefits from forests (33) . Instead, they focus on national governments, replicating long histories of centralized control over forests. Institutional mechanisms to channel REDD funds to local communities that take into account lessons from decentralized natural resource management will help in improving carbon sequestration without adversely affecting local livelihoods.
We should sound a cautionary note, however. Our statistical treatment of local autonomy in making rules and community vs. central government ownership has required that we greatly simplify the complexity of these concepts and the local practices they denote. There are many nuances within community and government ownership of resources as also in the ways local autonomy in rule making is practiced. Collection of better data in the future and using this data to further nuance the treatment of ownership and autonomy will help deepen and further enrich our findings.
Materials and Methods
Our data were collected as part of the larger data collection effort undertaken by the IFRI program (www.umich.edu/ϳifri). The research program was founded in 1992 and currently works with 11 collaborating research centers in 10 countries as research partners. All IFRI data are collected through 10 research instruments that focus on different aspects of forests, user groups, The impact of increase in forest size on the predicted probability of being overused and sustainable commons. Low benefits on both carbon storage and livelihoods (overused commons, A) are less likely for larger forests. Conversely, larger forests are more likely to provide high levels of carbon storage and livelihood benefits (sustainable commons, B). Together, A and B suggest that size of the forest is an important factor in determining joint outcomes from forest commons. (C) The impact of ''local autonomy'' on joint outcomes. The area shaded green in C represents the increase in the probability of a forest being classified as sustainable commons when the community managing it has high rule-making autonomy; the area shaded brown represents the decline in the probability of a forest being overused commons when the community managing it has high rule-making autonomy. The effects of local autonomy vary with the size of the forest common. (D) How ownership of forest commons affects the likelihood of the forest being in the category of deferred use or unsustainable commons. Government ownership is associated with a higher probability of overuse (low carbon storage and high livelihood benefits), and community ownership is associated with low livelihood benefits but high carbon storage as communities defer use.
and institutions in a given location. The objective of the data collection is to identify the connections between social and ecological processes in diverse forested landscapes. Over the past decade and a half, IFRI researchers have collected data in Ͼ200 settlements in 12 different countries. IFRI researchers gain a common understanding of the basic concepts and data collection strategies through a research and training seminar required of researchers interested in collecting data using IFRI instruments. The collected data has been computerized in a database that can be used to analyze a variety of forest-people-institutional relationships. The dataset used for the analysis in this article has been drawn from the larger IFRI database and covers all cases for which information is available on all of the factors included in the analysis. The dataset can be accessed at http:// sitemaker.umich.edu/ifri/referenceddatasets. The selected cases of forest commons are distributed across forest type and topographic variations and provide multiple benefits to their users.
Data were analyzed using STATA version 9.2. The dependent variable is categorical with four values, formed by a combination of high and low levels along two dimensions of forest commons outcomes: (i) Above-ground carbon storage in woody biomass measured as basal area and (ii) contributions to subsistence needs of local residents measured by a livelihoods index. We calculated the basal area for every forest by averaging across all trees Ͼ10 cm DBH (diameter at breast height) in Ͼ30 randomly selected 10-m radius plots. We measure livelihood contributions by an index extracted through factor analysis of the proportions of (i) firewood, (ii) fodder, (iii) green biomass for fertilizer, and (iv) timber for domestic use that each forest provides to local users. All four constituent variables load on a single factor (LR test: independent vs. saturated: 2 (6) ϭ 218.18; Prob Ͼ 2 ϭ 0.0000, all factor loadings Ͼ50%; see Table S3 for more details). We also used the Cronbach's ␣ to test the reliability and internal consistency of the livelihoods index (average inter-item covariance: 456.519; scale reliability coefficient: 0.7089; a coefficient Ͼ0.7 is considered acceptable). The analysis was implemented using multinomial logit regression. Given the small sample, we tested for a number of violations of the assumptions of the model. The final model was resilient to a series of postestimation tests. Likelihood ratio tests for independent variables (Ho: B ϭ 0) and Wald tests for simple and composite linear hypotheses about individual parameters with a Bonferroni adjustment were not significant for any variable. The Small-Hsiao test for violation of the IIA assumption was not significant. Standard errors calculated using the Huber-White sandwich estimator did not produce significantly different results. Regression diagnostics do not indicate that any observations are unduly influencing the results.
Graphs were produced in STATA 9.2. Model parameters were used to predict probabilities for outcomes by specifying different values for the independent variables. All other variables, except for those being displayed in the graph, were held at their median value in the sample so as to ensure that the predicted probabilities would not be affected by skewness in the distribution of any of the variables included in the model. More details describing the data, the likelihood of omitted variable bias and selection bias in the sample, the issue of endogeneity, and the construction of the dependent variable are provided in the accompanying online SI Materials and Methods.
